a Metallosupramolecular systems are promising new tools for pharmaceutical applications. Thus, novel selfassembled Pd(II) coordination cages were synthesized which were exo-functionalized with naphthalene or anthracene groups with the aim to image their fate in cells. The cages were also investigated for their anticancer properties in human lung and ovarian cancer cell lines in vitro. While the observed cytotoxic effects hold promise and the cages resulted to be more effective than cisplatin in both cell lines, fluorescence emission properties were scarce. Therefore, using TD-DFT calculations, fluorescence quenching observed in the naphthalene-based system could be ascribed to a lower probability of a HOMO-LUMO excitation and an emission wavelength outside the visible region. Overall, the reported Pd 2 L 4 cages provide new insights into the chemical-physical properties of this family of supramolecular coordination complexes whose understanding is necessary to achieve their applications in various fields.
Introduction
Coordination-driven self-assembly is an ideal method for constructing discrete, two-and three-dimensional metal-based entities. 1 These supramolecular coordination complexes (SCCs) with well-defined geometries and cavities have found applications not only in host-guest chemistry 2 and catalytic reactions, 3 but also in biochemistry and medicine. 4 For medicinal purposes, SCCs have been developed as drug delivery vehicles, [5] [6] [7] to recognize and interact with biomolecules 8 and to function as anticancer agents.
9-11
Notably, Therrien et al. reported the first coordination cage, a ruthenium-arene metallocage, used as a drug delivery system for Pd and Pt acetylacetonato complexes, showing anticancer effects in cancer cell line A2780. 6 In further studies, ruthenium-arene metallocages displayed increased cytotoxic effects in human lung cancer cells compared to cisplatin, thus acting as anticancer drugs per se. 11 Interestingly, the first toxicity studies in vivo of SCCs as anticancer compounds were performed with rhomboidal platinum(II) assemblies showing an effect on the reduction of the tumor growth rate in mice. 10 A specific and attractive area of SCCs is the self-assembly of M 2 L 4 (M = metal, L = ligand) metallocages, 12 which can enclose a variety of small molecules within their cavity, such as ions 13 and neutral molecules. 14 In addition, the properties of the M 2 L 4 coordination cages can be optimized by functionalization of the ligand framework. Up to now, only a few reports on the biological properties of Pd 2 L 4 complexes have appeared. 5, 15 Recently, we investigated fluorescent palladium cages as drug delivery systems for cisplatin, which proved to be active in cancer cells, while poorly toxic ex vivo in healthy rat liver tissues. 5 The obtained metallocages showed fluorescence properties due to the used ligand system, namely exo-functionalized bipyridyl ligands. However, upon cage formation, a significant quenching of the ligands' fluorescence occurred due to the binding to Pd 2+ ions. The extremely low quantum yield of this first series of cages prevented their study of cellular uptake via fluorescence microscopy in most cases. Indeed, nearly all capsules and cages composed of coordination metal-ligand bonds are non-emissive due to quenching by the heavy transition metal ions. 16 Only in a few cases, highly fluorescent M 2 L 4 cages were obtained. 17, 18 However, fluorescent metal-based entities would be very attractive in the medicinal inorganic chemistry field, to achieve their imaging in biological environments via fluorescence microscopy. In fact, an increasing number of reports on anticancer metal compounds bearing fluorescent moieties for both therapeutic and imaging applications have appeared. 19 The reported metal-based compounds include fluorescent Ru polypyridine complexes, 20 as well as several organometallic compounds among others.
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Therefore, in this work, in order to obtain cytotoxic metallocages with improved fluorescence properties, we designed a new series of self-assembled exo-functionalized Pd 2 L 4 cages coupled to fluorescent groups. The main structural motif of the Pd 2 L 4 cage compound 1 attached to naphthalene or anthracene moieties is shown in Fig. 1 . In addition, a cage featuring a carboxy group in the exo-position was also included for comparison purposes to better characterize the effects of the bulky fluorescent tags on the biological properties of metallocages. Thus, the photophysical properties of cage compounds and ligands were investigated and DFT calculations were performed to rationalize the observed spectroscopic properties. In addition, the cages and respective ligands were studied for their antiproliferative effects in human cancer cell lines in vitro.
Results and discussion

Synthesis and characterization
Rigid bidentate alkyne-based ligands 2a-2c attached to fluorophores were synthesized in a two-step synthesis relying on amide bond formation and a Sonogashira cross-coupling reaction (Scheme 1). The dibromo derivatives 3a-3c were obtained in yields ranging from 54 to 98% by treatment of the acid with naphthyl-or anthracenyl-based amines in the presence of a coupling reagent EDC and DMAP as a base. Compounds 3a-3c were coupled with 3-ethynylpyridine using Sonogashira conditions to give the ligands 2a-2c in 18 to 72% yield. In order to evaluate the optical and biological properties of fluorophorebased compounds compared to a non-fluorophore system, carboxy-functionalized ligand 2d was prepared in 17% yield by coupling 3,5-dibromobenzoic acid with 3-ethynylpyridine using a Sonogashira reaction (Scheme 1). (Fig. 3) .
Single-crystal X-ray diffraction provided structural verification of cage 1b (Fig. 4) . Suitable single crystals of 1b were grown by vapor diffusion of diethyl ether into a DMF solution of the cage. The crystal structure revealed the Pd 2 L 4 cage configuration in which the four bidentate ligands 2b are coordinated to two Pd(II) ions in a square-planar fashion. The cavity size is defined by the Pd⋯Pd distance of 11.9 Å and by the distance between the two opposing pyridyl moieties of 10.5 Å. Based on spectroscopic evidence it can be assumed that the solid-state structures of cages 1a, 1b, 1c and 1d are similar.
The palladium cages 1a-d are stable for months under air and light in both the solution and solid state. The cage compounds are soluble in DMSO and DMF, as well as in mixtures of DMF/acetone, DMSO/acetonitrile and DMSO/water, and not soluble in less polar solvents. The cages are soluble in water up to a concentration of 100 µM.
Optical properties and DFT calculations
As previously mentioned, the photophysical properties of metallocages, particularly the emissive ones, are of special interest to follow the uptake and distribution of cages in cells by fluorescence microscopy. The absorption and emission properties of our series are shown in Table 2 while the corresponding spectra are depicted in Fig. 5 and 6 . The excitation spectra are shown in the ESI. †
The UV-Vis spectra of cages display strong ligand-based absorption bands in the range of 260-350 nm deriving from π-π* transitions of the highly conjugated ligands. The cages exhibit a three-to four-times higher extinction coefficient compared to their respective ligands. As normally observed for this type of cage compound, the carboxy-based ligand 2d (with a quantum yield of 8%) presents a significant quenching of the fluorescence upon cage formation, resulting in quantum yields of 1% for 1d. However, in contrast to our expectations, the fluorophore-based ligands and cages display fluorescence quantum yields even lower, below 1%, and the anthracenebased cage 1c exhibits no fluorescence at all. In order to investigate the unexpected photophysical properties of fluorophore-based systems, a time-dependent density functional theory (TD-DFT) approach was used to calculate the probability of the HOMO-LUMO excitation and the emission wavelength. Also, the absorption and fluorescence properties of the naphthalene-based ligand 2a (Φ < 1%) were compared with those of the carboxy-and amine-based ligands 2d and 2e (Φ = 8 and 52%, 5 respectively) ( Fig. 7 ).
TD-single point calculations were performed to determine the excitation probabilities of 2a, 2d and 2e (Table 3) . Of interest is the relevant excitation from HOMO to LUMO. Further calculated transitions and the calculated UV-Vis spectra are shown in the ESI. † Notably, the probability of a HOMO-LUMO transition with 2% for ligand 2a is significantly lower than for 2d and 2e with 24 and 31%, respectively. The calculated probability is also in correlation with the quantum yield, as 2a is the least and 2e the most fluorescent ligand.
To determine the wavelength of a possible fluorescence, the energy difference between the energy after excitation and the energy after relaxation (applying excited state geometry) was calculated and transformed to a wavelength (Table 4) . The calculated emission wavelengths of 2d and 2e are 420 and 489 nm, respectively. In contrast the emission wavelength of the naphthalene-based ligand 2a is calculated to be in the IR region at 2000 nm. According to the obtained results, the low fluorescence of 2a compared to 2d and 2e is attributable to two factors. First, a HOMO-LUMO excitation is less likely for 2a than for the other two compounds. Second, the energy differences between the highest excited state and the non-relaxed ground state reveal no emission of 2a in the visible region if emission arises between these states. In contrast, 2d and 2e emit light in the visible part, with the calculated wavelengths being slightly longer than those of the absorbed photons.
Taking into consideration the geometry of the excited state compared to the pure ground state, an explanation for the emission properties of 2a can be proposed (Fig. 8 ). In the ground state, the amide bond is almost planar with a dihedral angle of 177°from the centered benzene ring to the naphthalene substituent. However, in the excited state, this angle is reduced to 99°, thus the amide bond is nearly orthogonal. Therefore, the chromophoric system is disrupted leading to a higher energy difference between the lowest point that can be reached after fluorescence and the relaxed ground state. Accordingly, a smaller amount of energy is converted into light by emission resulting in a higher wavelength outside the visible region.
Anticancer activity
The antiproliferative effects of the coordination cages 1a-d, the ligands 2a-d and the palladium precursor were evaluated against the human cancer cell lines A549 (lung carcinoma) and SKOV-3 (ovarian carcinoma) using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The IC 50 (inhibitory concentration to reduce viability to 50%) values of the compounds are presented in Table 5 in comparison with cisplatin.
Overall, the fluorophore-based cages 1a-c are more toxic for all tested cancer cells than cisplatin with the anthracenyltagged 1c being the most cytotoxic, and the naphthyl-tagged 1a the least. The corresponding ligands alone elicit low to moderate antiproliferative activities against the tested cancer cells, with the exception of ligand 2b (IC 50 ca. 3.8 μM). The latter is the only ligand bearing a pyridyl moiety as the central aromatic scaffold, which appears to induce a pronounced cytotoxic effect compared to the benzyl moiety of ligand 2a. The carboxy-based complex 1d, however, is less effective in cell lines A549 and SKOV-3 compared to cisplatin. Notably, the palladium precursor [Pd(NCCH 3 ) 4 ](BF 4 ) 2 and the bidentate ligand 2d are inactive (IC 50 > 100 μM) for the selected cell lines. Based on previous investigations, 5 cage compound 1d can possibly function as a drug delivery system for cisplatin due to its encapsulation properties and its low cytotoxicity. The encapsulation of cisplatin within cage 1d has been studied by 1 H NMR spectroscopy. The obtained spectrum (see Fig. S15 †) shows that the inward directed proton signals of the benzyl proton H e undergo significant downfield shifts upon encapsulation of two equivalents of cisplatin, while broadening of the proton signals takes place, in accordance with previous observations.
5
Cage 1d encapsulating cisplatin (IC 50 = 12.8 ± 1.2 μM) has slightly more potent anticancer activity than cisplatin alone in SKOV-3. These preliminary results hold promise for the development of new Pd 2 L 4 cages as drug delivery systems. Interestingly, the fluorophore-based ligands, especially 2b, and the respective cages can act as anticancer drugs alone, although their imaging in cancer cells via fluorescence microscopy may not be possible in pharmacologically relevant concentrations.
Conclusions
A series of exo-functionalized Pd 2 L 4 coordination cages coupled to fluorophore moieties has been prepared and characterized including their photophysical properties. The fluorophore-based compounds were compared with a carboxyfunctionalized system in terms of their emission properties and anticancer activity in cancer cell lines. Interestingly, the carboxy-based ligand exhibits a higher fluorescence quantum yield than the ligands attached to fluorescent tags. The quenching of the fluorescence in these systems can be explained by TD-DFT calculations, showing a lower probability for HOMO-LUMO transitions and emission in the IR region (2000 nm). The cage compounds attached to fluorophore groups display a higher cytotoxicity in all tested cancer cells than cisplatin, making them suitable as anticancer agents. In contrast, cage 1d has a very low anticancer activity with respect to the cell lines A549 and SKOV-3, which may still make it suitable as a non-toxic drug delivery system for cisplatin or other drugs, and ongoing studies in our group are exploring this possibility. As a matter of fact preliminary cytotoxicity data on the [(cisplatin) 2 ⊂ 1d] system reinforce the relevance of our strategy. Other fluorophore-based ligands and corresponding metallocages are currently under investigation in our laboratories, where the length of the linker between the bipyridyl ligands and the fluorescent tags is increased to avoid the predicted torsion of the amide bond angle in the excited state. Finally, it should be pointed out that still the mechanisms of anticancer action of metallocages have not yet been clarified in most cases, although a few studies suggest different modes of action with respect to cisplatin, for instance palladium helicates induce the disruption of the cell membrane. 
Experimental
General remarks
All reagents were purchased from commercial sources and used without further purification. Chromatographic separations were performed using silica gel (60-200 µm). NMR spectra were recorded with a Bruker Avance DPX 400 or a Bruker Avance III 400 or a Bruker Avance I 500 spectrometer at a temperature of 298 K. The spectra were referenced to the residual 1 H and 13 C{ 1 H} signals of the solvents in parts per million ( ppm). Abbreviations for NMR multiplicities are: singlet (s), doublet (d) , triplet (t), multiplet (m). Coupling constants J are given in Hz. The IR spectra were collected on a Varian ATR-FTIR instrument. Electrospray ionization (ESI) and fast atomic bombardment (FAB) mass spectra were obtained on a Thermo Scientific LCQ/Fleet spectrometer and a Finnigan MAT spectrometer, respectively. UV-Vis absorption spectra were acquired with a Jasco V-550 UV-Vis spectrometer.
General procedure for the synthesis of dibromo derivatives Acid (1.0 equiv.), amine (1.0 equiv.), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (1.2 equiv.) and 4-dimethylaminopyridine (10 mol%) were dissolved in dry dichloromethane and stirred under an argon atmosphere at room temperature for 2 h. To the reaction mixture, 2 M HCl (40 mL) was added and the aqueous phase was extracted three times with dichloromethane (40 mL). The organic phase was dried over MgSO 4 and concentrated under reduced pressure. The crude product was recrystallized in dichloromethane to yield dibromide as a solid. 3,5-Dibromo-N-(naphthalen-1-yl)benzamide 3a. A mixture of 3,5-dibromobenzoic acid (280 mg, 1.00 mmol), 1-naphthylamine (143 mg, 1.00 mmol), EDC (230 mg 138.0, 136.3, 133.8, 133.3, 129.8, 129.0, 128.1, 126.7, 126.2, 126.1, 125.5, 123.9, 123.4, 122.7. IR (solid) : 2840, 1637, 1521, 1346, 1280, 863, 773, 734, 665, 557, 485 147.0, 140.6, 134.2, 133.7, 132.6, 128.7, 128.1, 126.9, 126.3, 126.2, 125.9, 125.5, 123.7, 123.3. IR (solid) : 2915, 1641, 1519, 1351, 1297, 1155, 873, 775, 694, 611, 555, 491 9, 138.4, 136.3, 135.7, 131.7, 131.4, 130.7, 129.8, 128.8, 128.7, 128.1, 127.8, 125.9, 125.7, 125.4, 125.2, 122.7, 121.6, 115.8. IR (solid) : , 2915, 1639, 1511, 1309, 1257, 1097, 887, 734, 663, 605, 474 5, 151.8, 149.5, 138.8, 136.7, 135.8, 133.8, 133.5, 131.2, 129.1, 128.1, 126.6, 126.2, 126.1, 125.6, 124.0, 123.8, 123.4, 122.9, 118.9, 90.6, 87.8 1, 143.3, 143.1, 139.3, 133.8, 133.0, 128.9, 128.2, 126.9, 126.3, 126.2, 125.6, 125.4, 123.9, 123.4, 118.2, 90.7, 86.8 164.4, 151.6, 149.4, 144.5, 139.3, 134.8, 134.5, 134.2, 133.3, 131.3, 128.9, 128.7, 128.5, 128.2, 127.9, 126.9, 126.8, 126.0, 125.9, 125.0, 124.1, 123.0, 119.1, 117.3, 90.7, 87.9 165.8, 151.9, 149.5, 138.9, 137.6, 132.4, 123.8, 123.0, 118.9, 90.3, 87.9. IR (solid) : , 2827, 1589, 1261, 1164, 1043, 800, 692, 642, 457 1, 153.0, 150.9, 143.1, 136.4, 136.2, 133.8, 133.3, 132.5, 129.0, 128.2, 127.5, 126.8, 126.2, 126.1, 125.6, 124.0, 123.3, 122.2, 122.1, 93.3, 86.0. 11 B NMR (128 MHz, [D 6 9, 153.6, 151.3, 143.6, 143.4, 142.6, 133.8, 132.8, 130.6, 128.8, 127.5, 126.6, 126.3, 126.2, 125.6, 123.9, 123.2, 121.5, 93.1, 84.6. 11 
Crystallographic details
For detailed information see the ESI. † Crystallographic Data (excluding structure factors) for the structure reported in this paper has been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 1454096 (1b).
Fluorescence spectroscopy and determination of quantum yield
The emission spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer. For each compound, dilutions in DMSO at a concentration of 10 μM were prepared. First, UV-Vis spectra of compounds were recorded in DMSO, to determine the wavelength of the absorbance maximum. The absorbance maximum should be between 0.3 and 1. The measured absorbance wavelength was used as the excitation wavelength for fluorescence microscopy.
For the determination of quantum yields, 23,24 the choice of the right quantum standard is important. Depending on the excitation and emission wavelengths of the compounds, quinine sulfate or naphthalene was used as a standard. Different dilutions of the compounds and standards were prepared in DMSO and sulfuric acid or cyclohexane, respectively. Absorbance spectra were recorded using three different concentrated solutions, not exceeding an absorbance of 0.1 to minimize reabsorption effects. The same solutions were used for recording the fluorescence spectra. The excitation wavelength should be the same for the compound and standard. In addition, all fluorescence spectra must be recorded with constant excitation and emission slits. The quantum yield of a compound was calculated using the Stokes Einstein equation. 24 
Computational details
All calculations have been carried out by using the GAUSSIAN 09 D.01 package. 25 The hybrid functional B3LYP 26, 27 has been chosen together with the basis set 6-31+G*. [28] [29] [30] For the excited states optimization, a time-dependent DFT formalism 31, 32 has been applied using the B3LYP functional. All calculations have been performed in solution with PCM as an implicit solvation model and DMSO as a solvent.
Cell viability assay (MTT assay)
Human lung cancer cell line A549 and human ovarian cancer cell line SKOV-3 were obtained from the European Centre of Cell Cultures (ECACC, Salisbury, UK) and maintained in culture as described by the provider. The cells were cultured in DMEM (Dulbecco's Modified Eagle Medium) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C and 5% CO 2 . For evaluation of growth inhibition, cells were seeded in 96-well plates at a concentration of 11 000 cells per well and grown for 24 h in complete medium. Solutions of the compounds with the required concentration (0.5 to 150 μM) were prepared by diluting a freshly prepared stock solution (10 −2 M in DMSO) of the corresponding compound in aqueous DMEM medium. 200 μL of the dilutions were added to each well and the cells were incubated for 72 h. Following drug exposure, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 0.5 mg mL −1 and incubated for 2 h. Afterwards the culture medium was removed and violet formazan was dissolved in DMSO. The optical density was quantified in tetraplicates at 550 nm using a multi-well plate reader. 
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